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Abstract 
Natural gas driven Building Cooling Heating and Power (BCHP) system is encouraged to develop as 
small-scale energy supply system in recent year. Integrating Energy Storage System (TES) with tri-
generation system can improve the energy efficiency and reduce the installed capacity for energy supply 
equipment. However, it has never been an easy task to reasonably design the TES-BCHP system, in terms 
of that it is hard to determine the suitable installed capacity of energy supply devices considering the 
fluctuating loads and the influence of TES. In this paper, a thermodynamic model of BCHP system with 
phase change material (PCM) energy storage is established. According to practical user loads and 
considering the correspondingly hourly changing flow rate in charge and discharge processes, a 
simplified method is proposed to determine the optimal phase change temperature for BCHP-TES, aiming 
to minimize the primary energy consumption of BCHP-TES system. An illustrative example shows that 
the optimal phase change temperature can be obtained for given loads. It also indicates that compared to 
infinite NTU for PCM-TES, the optimal phase change temperature will increase as well as the 
corresponding minimal primary energy consumption for finite NTU. This work is of great importance for 
PCM optimization of BCHP-TES system design. 
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1. Introduction 
Distributed energy supply system is of many advantages, such as high energy efficiency, low emissions, 
small-capacity, being close to the user and so on. The Building Cooling Heating and Power (BCHP) 
system based on the principle of cascade utilization is the main form of distributed systems1]. In most 
cases the operation mode of tri-generation is in variable working conditions because of the non-
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synchronized and fluctuating loads, leading to the low system efficiency at part load conditions. To 
improve the system performance, it is an effective way to combine tri-generation system with energy 
storage system. In fact, the impact of energy storage on tri-generation system saving ratio is related to 
many factors and some BCHP-TES systems are not energy efficient [3]. For the typical form of BCHP, 
composed by a gas turbine and an absorption chiller, the main purpose of energy storage is to make the 
equipment run as efficiently as possible by improving the system performance in part load conditions. 
Phase change material (PCM) energy storage is widely used in engineering for high energy storage 
density [4], but there are also many problems in the BCHP-TES tri-generation such as how the system is 
running, when TES charges, when the TES discharges, how to determine the phase change temperature. 
In previous studies on BCHP-TES, the load is square or sine wave and the mass flow rate of gas for 
energy charge and discharge is constant [5]. The optimal phase change temperature is not available for an 
actual project. In this paper, the approach is based on actual load, and the mass flow rate of gas for energy 
charge and discharge varies according to the actual load hourly. For a given actual load, we can get an 
optimal phase change temperature and a minimum of primary energy consumption. The results are useful 
to the selection of PCM and real engineering equipment capacity. 
  
2. System model  
2.1. System form 
In summer working conditions, operation strategies are shown in Figures 1and 2. In the off-peak time 
when the user load is less than the average load, the exhaust gas from the gas turbine flow into the 
absorption chiller (cooling load), and the extra heat goes into the TES to store energy. The mass flow 
rate 1m  of exhaust gas entering the absorption chiller is determined by the user load hourly, the mass flow 
rate 2m  of gas flow for energy storage is determined by 1m that 2 1m m m   . 
 In the peak time, when the user load is higher than the average load, all the exhaust gas of gas turbine 
cannot meet the requirements of cooling load. Thus, it is needed to take out the heat which is stored in the 
TES in the off-peak time. The gas going out from the absorption chiller is used to take out heat from the 
TES and its temperature is the outlet temperature Ta,o of absorption chiller. Two strands of gas flow into 
the absorption chiller together after mixing. The mass flow rate of discharge 3m  is determined by the user 
load. 3m will not only affect heat consumption of absorption refrigeration but also affect the COP of 
absorption chiller. 
 
 
 
 
 
 
 
 
 
 
 Figure 1    In the off-peak period                                       Figure 2   In the peak period 
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The energy supplied for the user: 
In the off-peak period: 
˄1˅ 
In the peak period: 
˄2˅ 
 
2.2. Gas turbine 
The calorific value of natural gas going into the gas turbine (power generation efficiency η) is Qg, 
Electricity generation directly supplied to users is P. The exhaust gas with temperature T and mass flow 
rate m  flows into the absorption chiller’s generator, to drive absorption refrigeration cycle as a high-
temperature heat source. 
For gas turbines, according to energy conservation (assume no energy loss): 
 
, 0( )g p aQ P mc T T   ˄˅
The efficiency of gas turbine reduces at part-load when the working condition of the gas turbine varies 
[6]. 
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where ηe is the rated efficiency of the gas turbine while η  is the actual one. Pe is the rated power while P 
is the actual one. The actual temperature T1 of exhaust gas and the rated one T1e can be calculated 
according to the relationship between the exhaust heat. 
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2.3. Absorption chiller 
From the thermodynamic principles, an absorption chiller can be regarded as the combination of a heat 
engine and a heat pump. The COP of an absorption chiller is mainly affected by generation temperature, 
evaporation temperature, condensation temperature. To simplify analysis, we use the temperature of the 
gas turbine exhaust gas, the chilled water temperature, the ambient temperature takes the place of 
generation temperature evaporating temperature, evaporation temperature separately, then we can get the 
COP  
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where μ is the thermodynamic perfectness of the refrigeration cycle. When the gas turbine runs under the 
rated condition and the exhaust gas temperature is the rated temperature, the generation temperature of 
absorption is the highest and the COP reaches the maximum. Assuming Tg = T = 773K, T0 = Tc = 303K, 
Te = 280K, and the rated COP of absorption chiller is 1.2, we can get the thermodynamic perfectness μ = 
0.163. If μ remains the same in variable conditions, we can find the actual COP of absorption chiller in 
part load conditions [7].                                                                   
2.4. Energy storage device 
In energy charge process, the relationship of exhaust gas of gas turbine and energy storage medium 
satisfies the equation: 
                                                                                                                                       ˄7˅               
In energy discharge process, the relationship of fluid used to take out heat and energy storage medium 
satisfies the equation:  
                                                                                                                                   ˄8˅ 
where T is the temperature of exhaust gas of the gas turbine, Tm is the phase change temperature, Tc,o and 
Td,o are the outlet temperature of energy storage fluid and energy discharge fluid respectively, Ta,o is the 
outlet temperature of flue gas at the outlet of absorption outlet. In addition, energy balance equation must 
be meet in one charge and discharge cycle for the TES device. NTUc and NTUd are the Heat transfer unit 
number of charge and dis charge. 
3. Calculation method 
For ideal energy storage, the average of user load is used to divide the peak and off-peak, and the 
installed capacity is determined according to that average value. However, for PCM-TES, in the off-peak 
period, because the exhaust gas into the absorption chiller is of the high temperature, and the COP of the 
absorption chiller is 1.2 constantly. In the peak period, the flue gas into the absorption chiller is the mixed 
gas of flue gas through gas turbine and energy discharge fluid from the TES. The temperature will be 
lower than the flue gas temperature at the gas turbine outlet, then the COP of absorption chiller will be 
lower than 1.2. The specific value can be calculated according to Eq. (6). In addition, due to the reduced 
energy storage temperature difference, the phase change energy storage will be less than ideal one. Firstly 
we also select the average of user load at a typical day to divide the peak and off-peak, and then we can 
get the corresponding mass flow rate of gas turbine flue gas. Under this condition, the total of energy 
charge will be less than the total of energy discharge in one cycle. Difference of energy discharge and 
charge will come into being and it can be calculated. We can make the difference reduced to zero by 
increasing the mass flow ratem  of gas turbine flue gas. The phase change temperature Tm of the TES 
and m  are coupled. When only one phase change temperature makes the difference equal to 0, the 
primary energy consumption reaches the minimum. At this time, m is minimal and the phase change 
temperature is the best.  
 
4. Illustrative Example 
, 1 exp cc o NTU
m
T T
T T
  
, ,
,
1 exp dd o a o NTU
m a o
T T
T T
 
1364   Fei Xiong et al. /  Energy Procedia  75 ( 2015 )  1360 – 1365 
We select a hotel in Beijing in summer working condition and a typical day hourly load is known 
(Figure 3). Assuming the rated power generation efficiency of gas turbine ηe=35%, the temperature of 
flue gas out of the absorption chiller Ta,o = 453K, the specific volume of flue gas cp, a = 1.2kJ / (kg  K), 
the temperatures of supply and return chilled water are 280K and 285K respectively . 
When NTU is infinite, the smallest gas turbine flue gas mass flow rate is 1.575kg/s and the 
optimal phase change temperature Tm is 586K. We can calculate the power generation efficiency of gas 
turbine, power volume and the COP of the absorption chiller according to the cooling load hourly. The 
sale of electricity will be determined according to the demand of electrical load, as shown in Figure 4, 
then the total primary energy consumption (natural gas calorific value) at the typical day can be 
calculated. Excessive electricity will be sold to large power grids, the corresponding primary energy 
consumption should subtract the earning brought by the sale of excess electricity. For comparison 
purpose, the primary energy consumption is converted into natural gas calorific value uniformly, which 
assumes that the large power grid is formed combined natural gas power generation cycle (efficiency 
55%). The minimum of primary energy consumption is 1.83h104kW h natural gas at this time and the 
energy saving ratio is 12.7% compared to separate generation system. The relationship of    primary 
energy consumption and phase change temperature is shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3       a typical day hourly load                            Figure 4      the sale of electricity 
When NTU is finite, the best phase change temperature and the minimum of primary energy 
consumption will increase. When NTU = 2, the phase change temperature Tm = 596K while the 
minimum of primary energy consumption is 1.85hkW•h.The maximum of energy saving rate is 
11.9%. The relationship of primary energy consumption and phase change temperature is shown in Figure 
5. When primary energy consumption is higher than the minimum, there will be two phase change 
temperature corresponding to one primary energy consumption on the left and right side of best phase 
change temperature. 
 
 
 
 
 
 
 
 
Figure 5       The relationship of primary energy consumption and phase change temperature 
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5. Conclusions  
In this paper, a new method is proposed to determine the optimal phase change temperature for 
energy storage on fluctuating loads in BCHP system with PCM. For a given typical day hourly load, the 
minimum of primary energy consumption and the optimal phase change temperature are calculated. 
Compared to separate generation system, the maximum energy saving ratio is 12.7% with infinite NTU 
while the maximum energy saving ratio is 11.9% with finite NTU (NTU=2 in our case study). When 
NTU is finite, the optimal phase change temperature and the minimum of PEC will increase. The curve 
which shows the relationship of primary energy consumption and phase change temperature. When PEC 
is higher than the minimum, there will be two phase change temperature corresponding to one primary 
energy consumption on the left and right side of best phase change temperature. It has a reference 
significance for selecting the actual project phase change material.  
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